Objective: This study proposes to establish a simulation-based technique for evaluating shear accumulation in stent grafts and to use the technique to assess the performance of a novel branched stent graft system.
Fenestrated stent grafts were approved for commercial use in the United States on April 4, 2012.
1 However, they are limited to patients with at least a 4-mm infrarenal neck to be considered on-label. These patients have limited options and typically include an open surgical repair or an investigational endovascular device. Unfortunately, some pararenal and paravisceral patients will not be candidates for open surgical repair. Moreover, current investigational stent grafts that make use of antegrade branches require increasing amounts of aortic coverage that exposes the patient to an increased risk of paraplegia. 2 Here we propose a prototype configuration that makes use of a diaphragm for compartmentalizing flow at a single level (Fig 1) . The diaphragm surface is perpendicular to the direction of flow, similar to a closed aortic valve, with the exception branch outlets in the perpendicular surface. Even though the design allows for minimum aortic coverage and also antegrade flow to the branch vessels, the question is raised of whether the diaphragm disrupts flow similar to the way a valve does, thus causing platelet damage and, ultimately, thromboembolic events. 3 To evaluate the risk of thromboembolic events, a technique needs to be developed and applied to stent grafts. We propose to use a technique previously applied to mechanical aortic valves for measuring shear accumulation, which has been correlated with platelet activation. 4 This phenomenon is known as "Hellums
Criterion." 5 The criterion states that platelets experiencing a shear accumulation of >3.5 Pa-s will undergo activation with subsequent release of prothrombotic messengers. We evaluated the level of shear accumulation of a stent graft design that makes use of a diaphragm to divert flow and compared it with the healthy native aorta.
METHODS
This study included three geometric models of the stent graft designed with the diaphragm. The variability in diaphragm designs was studied to determine their role in the stress accumulation effects of the stent graft. The diaphragm angle (0 , 20 , and 40 deflections) is a design consideration that can be optimized to minimize shear accumulation. Native aortic geometry was also modeled as a negative control, and values from the literature for two types of mechanical aortic valve were included as a positive control.
Computer-aided design representations of these models were created in Creo Parametric 2.0 computeraided design software (PTC, Needham, Mass). Each configuration has an entry length of 20 cm above the ostium of the celiac artery. This 20-cm entrance length was created to help ensure a developing flow profile as the blood encounters the celiac axis. The spatial location, diameter, and orientation of each of the seal zones were held constant among each of the samples to minimize variability resulting from patient anatomy.
The aortic components were all made to have a proximal diameter of 40 mm and did not taper. The ostium of the superior mesenteric artery (SMA) was located 20 mm cranial to the ostia of the renal arteries on the ventral aorta. The ostium of the celiac was 15 mm above the SMA. Each of these branches terminated w50 mm off of the central axis of the main body. The celiac, SMA, and renal branches were given diameters of 8, 7, and 6 mm, respectively. The centerline of the celiac branch outlet was set to be w50 mm caudal to the diaphragm at a 30 angle with the central axis from the anterior view. The SMA outlet was 15 mm caudal to the celiac, protruding directly anteriorly. Then, the renal arteries were both 20 mm caudal to the SMA, protruding perpendicular to the SMA (Fig 2) . The models had rigid, nondeforming walls. 6 The walls were also assumed to be smooth. Although a lack of a smooth surface, as in areas of plaque formation or stent graft kink, may have an effect on the results, this study was intended to compare stent graft configurations that can be done with idealized geometries. The computational fluids dynamics (CFD) simulations were developed and analyzed using Star-CCMþ 10.04 CFD software (CD-Adapco, Orlando, Fla). The fluid characteristics were set based on representative flow profiles and material characteristics for blood. The flow rates through these particular vessels experience laminar flow based on the Reynolds number (peak Re ¼ 1253). However, from the sharp boundaries that occur near the diaphragm and the separation of the fluid to different vessels, a K-Epsilon, a low Reynolds number turbulence model was applied to account for these induced sudden momentum changes.
Blood flow through the aorta and associated branches in this study was a Newtonian fluid with a dynamic viscosity of 0.004 Pa-s. This assumption can be made because non-Newtonian effects in blood have been well documented to only take place in any arteries, arterioles, or capillaries with <1-mm diameter, whereas these simulations have a smallest vessel diameter of 6 mm.
This study also used the Lagrangian-Eulerian multiphase flow models to quantify the stress accumulation of blood particles as they flow through the stent graft. With approach, blood was represented as a continuous, Eulerian phase, whereas particles were modeled as the Lagrangian phase. The particles were introduced to the system using a particle injector at the inlet surface with a velocity to match the blood flow entering the device. These particles were also given a density of 1050 kg/m 3 to match that of the liquid blood. The first 10,000 particles injected in the system were tracked through their residence time in one pass through the device. In addition, the near-wall fluid conditions were modeled as no-slip, providing a velocity of 0 at the boundary.
The descending thoracic aorta was assumed to have a transient, pulsatile flow with an average volume flow rate or 3.8 L/min with a peak flow rate of 9 L/min. 6 The boundary conditions for each of the artery outlets were set to have flow-split outlets with specific waveforms of blood supplied to each artery. 7, 8 The celiac artery received 21%, the SMA received 16%, the renal arteries each received 15%, and the iliac arteries received 33% of the descending aortic flow on a volume flow-rate basis. Outlet waveforms for with the supraceliac aorta, SMA, and iliacs were triphasic. The waveforms for the celiac and renal arteries were monophasic. 9 These waveforms can be seen in Fig 3. An advancing layer mesher was used to create the array of three-dimensional cells within the CFD software to analyze the fluid flow through each device. This advancing layer mesher allows for internal, polyhedral cells that reduce computational costs and minimize convergence time at these bulk locations. In addition, this mesher allows for prism layers to be generated at near-wall locations. This allows for significant refinement at the important locations of the fluid-device interface.
Research studies have been performed on similar fluids issues within the cardiovascular system using CFD analysis. 9 To validate that the mesh refinement was adequate for this study, these studies were compared with the mesh refinement levels of these simulations. From these studies, maximum cell sizes ranged from 0.25 mm to 1.5 mm while achieving convergence in the velocity fields for low-to-medium turbulence simulations. Thus, this study was run with cell sizes ranging from 0.25 mm to 1 mm, as well as the creation of 20 near-wall prism layers to accurately solve for the important boundary layer flows. This meshing setup resulted in numbers of cells ranging from 2.27 million to 2.36 million, varying slightly based on configuration. The stress accumulation for each particle was calculated and analyzed based an instantaneous scalar stress value given as shown in Equation 
RESULTS
Streamlines were generated for each stent graft configuration and are shown in Fig 3. There appeared to be ordered flow in the central channel of all three stent graft configurations, with recirculation near the periphery of the diaphragm. The diaphragms appeared to funnel most of the flow, but some of the particles that were outside of the funnel appeared to recirculate until they rejoined the central flow channel (Fig 4) .
The average, median, and 99. (Table) .
DISCUSSION
CFD analysis will become a progressively more important aspect of stent graft design as endovascular repair for complex aneurysms becomes more and more common. Near wall hemodynamics were recently introduced as a means by which stent grafts can be analyzed to predict renal artery stenosis. 9 In this report we are presenting shear accumulation as a quantitative method by which we can analyze the propensity for shear-induced thromboembolic events to occur. This measure can answer the question of which branch configurations in stent grafts may activate platelets resulting in a thromboembolic event. As the industry is comparing various design iterations for their products, shear accumulation can become a parameter that is used for design feature optimization. In the specific case presented, we looked at various pitches for a unique prototype that uses a diaphragm as a means to divide flow above the visceral branches. We believe that these pitch angles will vary temporally throughout the cardiac cycle due to the flexible nature of the diaphragm and varying velocities and pressures of blood flow. In a future study, a fluid-solid interaction simulation would likely find some weighted average of the shear accumulations for each of the pitch values.
As mentioned above, shear accumulation has been well-characterized in mechanical aortic valves. The diaphragm configuration appears to cause limited amounts of platelet damage but is not at the level that anticoagulation is required. Our results show the diaphragm has fewer particles in the dangerous range of >3.5 Pa-s than mechanical heart valves, and surprisingly, fewer particles with >3.5 Pa-s than the native aorta. However, the platelet-damaging effect is cumulative; thus, a patient with multiple implants with the potential to activate platelets will be at a higher overall risk of thromboembolism.
Another area of further study would include assessing the effects that various aortic anatomies would have on the shear accumulation and platelet damage. Our evaluations of shear accumulation did not take into account the effect an individual's anatomy may have on platelet damage and subsequent activation. Stenotic or tortuous areas proximal to the graft could disrupt laminar flow and could be significant enough to increase the amount of shear accumulation. For instance, the risk for thromboembolic events is increased with a prosthetic mitral valve. It is believed that the aortic valve sees higher velocity flow coming from the mitral valve and that this increases shear accumulation on particles as they pass the aortic valve. In addition, we could speculate that anatomy, such as an up-going renal artery, could also cause increased levels of shear accumulation.
The risk-stratification process for thromboembolic prophylaxis has many interwoven factors. And the patient's anatomy ought not to be overlooked when deciding whether the patient should be prescribed long-term anticoagulation. 12 Simulations highlighting which patient anatomies may increase the risk of thromboembolism could help guide physicians as they are case planning and considering whether a patient should be on anticoagulant therapy before they leave the hospital.
CONCLUSIONS
Using CFD, we have analyzed the shear accumulation of an aortic stent graft containing a diaphragm and compared it with healthy aortic anatomy and commercially available mechanical valves. Results showed fewer particles above the thromboembolic threshold value of 3.5 Pa-s than the native aorta and mechanical valves, indicating anticoagulation is not needed in the absence of other risk factors. CFD aids in understanding the implications of stent graft design on platelet damage and can be used as a measure to further improve designs of stent grafts for complex aneurysms. 
